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Introduction
Over the past few decades, and due to fast population growth and rapid industrial expansion, emission of contaminants into the environment has sharply increased [1] [2] [3] . This has made environmental remediation a major global concern [3] . Thus, current global environmental problems require greener energy sources and better liquid, solid and gas waste management. Dye containing effluents are considered major sources of water pollution with adverse effects on human and wildlife health [4, 5] . Textile, paper, printing, pulp mill, electroplating, food, and cosmetic industries are among the major consumers of dyes which produce vast amounts of coloured wastewater. Complex structures and xenobiotic characteristic of some dyes make them difficult to degrade [6] . Methylene blue (MB) is an ionic organic dye that is used in dying wool, silk, and cotton. It has detrimental effects on human health such as eye damage upon contact, nausea, and mental confusion [5] . Techniques for decolouration of MB include adsorption, membrane filtration, precipitation, and ion exchange separation [7] [8] [9] .
Adsorption technique has advantages of being low cost, easy to implement, consuming low energy, and producing safe by-products. Therefore, these advantages make adsorption technique superior over the other pollutant removal techniques [10] [11] [12] . Indeed, several types of absorbents have been developed to remove MB [4, 5] . However, current and traditional absorbents have some limitations such as low adsorption capacity and difficulty in separation of the absorbents after the reaction. Hence, there is a need to design high-efficiency and low cost absorbents that can also be easily separated from the contaminated media. In this respect, development of new porous materials has attracted great attention, at which the spearhead is metal-organic frameworks (MOFs) [13] [14] [15] . 3 MOFs are a class of highly porous materials fabricated through linking metal clusters or ions and organic linkers through covalent bonds. MOFs have crystalline and highly ordered structures, high porosity, large surface areas, and are currently being used in various applications such as catalysis, gas storage and separation, sensor, biomedicine, energy, and water remediation [16] [17] [18] [19] [20] [21] . In fact, due to their high-porosity and high specific surface area, MOFs are excellent adsorption materials [10, 11] . MOFs have been used for both liquid and gas phase adsorption applications. Gas adsorption techniques have been developed for the removal of hazardous gases [22, 23] . For instance, Hamon et al., report the adsorption of H2S over various MOFs including MIL-53 (Al, Cr, Fe), MIL-47 (V), MIL-101 (Cr) and MIL-100 (Cr) [23] . MOFs have also been used in wastewater treatments. For instance, Haque et al., report potential application of a Crbased MOF as absorbent for removal of methylene orange (MO) [24] . Due to the anionic nature of MO, cationic MOFs show increased adsorption capacity and rapid dye uptake [24] . MOF-235 and MIL-100 (Fe) have been used to remove cationic methylene blue (MB) through similar charge-charge mechanism [25, 26] .
Although MOFs show promising chemical and physical properties for a variety of adsorption applications, their properties can be further enhanced by modifying their physicochemical nature and structure by substituting organic linkers [27] , grafting with active functional groups [28] , impregnating them with appropriate materials [29] , and making composites of them with different materials [30] [31] [32] . Among the above mentioned techniques, MOFs composites are relatively new [33] [34] [35] [36] . However, finding appropriate complementary materials and synthetic pathways are crucial to make MOF-based composites [37] [38] [39] . Graphene oxide (GO) and carbon nanotubes (CNTs) are among the most suitable materials for synthesis of MOF composites [18, 31, 37] . They improve MOF formation by increasing the dispersive forces within the MOFs, suppressing their aggregation, andcontrolling MOF's physicochemical properties such as structure, morphology, and size [40] [41] [42] [43] [44] [45] [46] . For instance, Petit and Bandosz report the synthesis of MOF-5@GO composites and they have found that compared to that of sole MOF, presence of GO during formation of the MOF results in improved N2 gas adsorption [31] . They also report that nanocomposites of Cu-BTC@GO and MOF-5@GO show similar porosity and chemical structure in comparison to the parent MOFs [40] . In addition, they have tested adsorption of toxic gases (H2S, NH3, and NO2) over Cu-BTC@GO. 10% and 30% improvement in adsorption of NH3 and H2S, respectively, with little enhancement in NO2 adsorption was reported [40, 43] .
Huang et al., have showed that Zn-containing MOFs-loaded GO increase H2S adsorption compared to that of sole MOF [44] . In addition, Cu-and Zn-containing MOFs loaded over CNT substrate show improved gas selectivity toward CO2/CH4 as well as enhanced H2 uptake [45, 46] . Moreover, the incorporation of superparamagnetic iron (III) oxide nanoparticles (Fe3O4 MNPs) to the MOF@GO or MOF@CNT hybrid nanocomposites can be engineered for the magnetic separation and recovery of the absorbents [47] [48] [49] .
In this work we describe (1) the synthesis of several novel hybrid nanocomposites based on water stable Cu HKUST-1 MOF, GO, and CNT, having covalent nature of interactions between the MOFs, GO and CNT as opposed to simple admixtures in previous reports; (2) the strategy of using the GO and CNT substrates as the main components of the composites to grow nanoscale MOFs; (3) the implementation of magnetic properties by incorporation of Fe3O4 MNPs to make recycleable absorbents; (4) applying the prepared hybrid nanocomposites as adsorbent. Hence, in the current study magnetic and non-magnetic hybrid nanocomposites of Cu-BTC@GO, Cu-BTC@CNT, Fe3O4/Cu-BTC@GO and Fe3O4/Cu-BTC@CNT were synthesized using a simple, facile, and green solvothermal method. The synthesized materials were characterized by XRD, 5 SEM, TEM, XPS, IR, Raman, TGA, and BET, and were used as absorbents in removal of MB as model organic pollutant. Authors believe that this study provides useful criteria in synthesis of magnetic and non-magnetic copper-containing MOF@GO and MOF@CNT hybrids and can also be used as reference in designing of other kinds of MOF-based hybrid nanocomposites.
Experimental

Chemicals
Reagent-grade chemicals of Cu(NO3)2.3H2O, benzene-1,3,5-tricarboxylic acid (BTC), ethanol, H2SO4, HNO3, KMnO4, and H2O2 were purchased from Acros, Alfa Aesar, and Fisher Scientific.
Graphite powder (Sigma-Aldrich) and carbon nanotubes (20-40 nm in diameter, 5-15 µm in length, Tokyo Chemical Industries Co.) were used as received without further purification.
Deionized water was obtained from Milli-Q® instrument, Millipore Corporation.
Synthesis of the Materials
Graphene oxide (GO). GO was prepared from graphite powder via a method reported in the literature [50] .
Functionalized Carbon nanotubes (F-CNTs). F-CNTs were prepared by acid-treatment of pristine CNTs [5, 51] . Cu-BTC MOF. Cu(NO3)2·3H2O (1.0 g, 0.004 mmol) was dissolved into deionized water (10 mL) and mixed with benzene-1,3,5-tricarboxylic acid (H3BTC) (0.5 g, 0.0024 mmol) dissolved into ethanol (10 mL). The resulting mixture was placed in glass reactor which was then sealed. 
Characterization of the Prepared Samples
Crystalline phases of the prepared samples were analysed by x-ray powder diffractometer (XRD, Bruker D8 Discover x-ray Diffractometer). The morphology was revealed by a transmission electron microscope (TEM, Hitachi H-7650) and scanning electron microscope (SEM, Hitachi S-4800) equipped with an energy dispersive x-ray detector (EDAX UV-Vis Spectrophotometer.
Pollutant Adsorption Experiments
Pollutant adsorption experiments were conducted on methylene blue (MB) as model organic pollutant. In this regard, 5 mg of the absorbents were treated with 20 ml of a 50, 100, and 1000 ppm MB solution and the resulting mixture was sonicated for 10 min followed by shaking for 12 h to complete the reaction. Then, the non-magnetic absorbents were centrifuged and magnetic absorbents were magnetically separated from the suspension and the remaining MB concentration was analysed by adsorption spectroscopy at the 665 nm wavelength to monitor the extent of the removal.
Adsorption capacity (Qe) of the prepared nanomaterials is calculated (Eq. 1) as follows:
(1)
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Where C0 and Ce are initial and equilibrium concentration of the pollutant (mgL −1 ), respectively, m is the adsorbent mass (gr) and V is the mixture volume (L).
Results and Discussions
X-ray Diffraction Patterns
The crystalline structure of the synthesized CuG and CuC hybrid nanocomposites with different MOF content was determined by XRD which the corresponding results are shown in Fig. 2 and Fig. S2 , respectively. According to our findings, the hybrid nanocomposites show highly crystallinity and the relative intensities and position of all the peaks are consistent with the standard pattern of the parent materials [5, 40, 48] . Diffraction peaks for CuC samples (Fig. S2) show preservation of the crystallinity of the CNT and Cu-BTC MOF parent materials. All the diffraction signals of the parent materials can be readily indexed, which confirms the synthesis of the nanocomposites [4, 46] . In the case of CuG hybrid nanocomposites (Fig. 2) , the d002 peak related to GO is not observed for the hybrid nanocomposites [40] [41] [42] [43] . This is due to the high exfoliation and dispersion of GO during the nanocomposites preparation [52] . It also was found that the presence of CNT and GO do not prevent the formation of the MOF [48] . We also found that the intensity of the Cu-BTC MOF peaks in the hybrid nanocomposites decreases as the content of CNT and GO substrates increases. This is attributed due to the lower concentration of
MOFs crystals vs the substrate, and to the higher concentration of CNT and GO which impose additional constraints on degrees of freedom and growth of the Cu-BTC MOF crystals during in situ synthesis of the Cu-BTC MOF in the hybrid nanocomposites [41] [42] [43] 46] . 
Morphological Characteristic
Morphology of the synthesized hybrid nanocomposites are characterized by SEM and TEM microscopies. The corresponding SEM images are illustrated in Fig. 3 and Fig. S2 , and the corresponding TEM images are shown in Fig. 4 and Fig. S3 . According to the SEM and TEM findings, GO nanosheets (Fig. 3a, 3b and Fig. S3a, S3b) are successfully synthesized by exfoliation of graphite oxide, which is in agreement with previous studies [40, 41] . Fig. 3e and 3f show that the F-CNTs are well-dispersed and retain the tube structure of the pristine CNTs after acid-treatment (Fig. S3c, S3d ). The synthesized Cu-BTC MOF ( Furthermore, it is noteworthy that compared to the pure Cu-BTC MOF, in situ synthesis of Cu-BTC MOF in the presence of GO platforms result in the formation of nanoscale Cu-BTC MOF compared to the sole Cu-BTC MOF obtained at the micronscale scale as shown in Fig. 3c, 3d and Fig. 4a, 4b . We also found that the in situ synthesis of Cu-BTC MOF in presence of GO substrate prevents the formation of distorted layers and densely packed GO agglomerates, which is in accordance with XRD results. Since Cu ions in the solution can either react with oxygencontaining groups of BTC ligands or GO, we have hypothesized in situ formation of the MOF over GO leads to alternation between MOF units and graphene layers [44] . Additionally, due to steric hindrance and charge-charge interactions, GO layers decorated with MOF are wellexfoliated and also new pores are formed between the substrate and the MOF, which are very beneficial for adsorption of small molecules [41] [42] [43] .
Regarding the CNT-based nanomaterials, Fig. 3g, 3h and Fig. 4e, 4f show that similar to the MOF@GO, in situ synthesis of Cu-BTC MOF in the presence of F-CNTs result in the formation of Cu-BTC MOF decorated over the CNT platform [46, 53] . Furthermore, we found that coprecipitation of Fe3O4 MNPs in the presence of CuG12 and CuC12 hybrid nanocomposites leads to the formation of Fe3O4 MNPs over GO and CNT platforms and successful synthesis of magnetic FCuG (Fig. S2c and S2d) and FCuC ( Fig. S3g and S3h) hybrid nanomaterials.
Fig. 4.
Elemental Study by XPS
XPS measurements were performed to confirm the elemental composition of the developed [40, [54] [55] [56] . In the other words, G-band is characteristic of graphitic layers which correspond to carbon atoms tangential vibration, and the D-band is a typical sign of defects in the graphitic structure. According to Fig. S4 , spectra of the hybrid nanocomposites retain the major characteristic peaks of the parent materials which means the chemical structure of the parent materials remain intact after compositing them.
Chemical Properties: IR and Raman Studies
Thermogravimetric Analysis (TGA)
TGA provide useful information for the thermal stability of materials. The TGA curves for the parent materials and the corresponding hybrid nanocomposites are shown in Fig. 7 . In the case of GO, two major weight drops are observed. The first is around 100 o C attributed to dehydration.
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The second signal around 170 o C is related to decomposition of the GO functional groups [50] .
The TGA pattern of the parent Cu-BTC MOF illustrates a small drop at around 110 o C, which is ascribed to dehydration. Coordinated water molecules are released at around 210 o C. The complete decomposition of the Cu-BTC MOF is observed at around 350 o C, which is in agreement with previous reports [41] . TGA curves for the hybrid nanocomposites are similar to those of the parent materials. The higher the content of the Cu-BTC MOF in the hybrid nanocomposites, the higher the resemblance of the TGA to the parent MOF. Importantly, the hybrid nanocomposites show higher thermal stability compared to the parent materials which is likely due to the chemical bonding between the MOF and the substrate platforms. 
N 2 Adsorption/Desorption Isotherms
The porosity of the prepared materials was investigated via nitrogen adsorption-desorption isotherms (Fig. 8) . Brunauer-Emmett-Teller (BET) specific surface area, cumulative pore volume (Pvol), average pore diameter (Pdiam), and particle size (Psize) of Cu-BTC MOF, CuG51, and CuC51 hybrid nanocomposites were measured and the corresponding results are shown in Table 1 . Pore size distribution of these samples were also analysed using the Barrett-JoynerHalenda (BJH) method (Fig. S5-S7 and Tables S1-S3).
Fig. 8.
According to the results, a relatively high specific surface area was found for CuG51 (~508 m 2 g -1 ) compared to that of the sole Cu-BTC MOF (856 m 2 g -1 )
. Surprisingly, it was found that hybrid nanocomposites show significantly higher Pvol in comparison to the sole MOF. It is hypothesized that formation and growth of the MOF over GO surface through chemical bonding results in formation of micro-pores which are beneficial for small molecules adsorption [31] . The large surface area and high porosity of the prepared hybrid nanomaterials provide many channels for pollutants adsorption and favour their immigration into the pores [31] . The data also shows that hybrid nanocomposites rather than physical admixtures of the parent materials are made through this synthetic methodology. 
Pollutant Adsorption Capacity
Pollutant adsorption capacity of the prepared hybrid nanomaterials and their parent materials were tested through adsorption of MB dye, which the results are shown in Fig. 9 and Table 2 .
The adsorption experiments were carried out at two different MB concentrations of 50, 100 ppm to monitor the effect of pollutant concentration on the adsorption capacity of the prepared samples. Further studies for MB adsorption using a 1000 ppm solution of MB was tested on CuG11, CuG21, and CuG51 composites (See Table 2 ). It was found that the adsorption capacity of the absorbents increases as the extent of the pollutant increases which is in agreement with the previous reports [24] [25] [26] 57] .
Fig. 9.
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The developed hybrid nanocomposites show higher dye adsorption capacity when compared to the parent materials. In the case of GO-based hybrid nanocomposites (Fig. 9a) , MB adsorption of magnetic FCuG was found to be the highest among the samples and several times higher than that of the parent materials of Cu-BTC MOF, Fe3O4 MNPs, and GO. Regarding to the nonmagnetic hybrid nanocomposites, it was observed that higher loading of the MOF results in higher MB adsorption. However, MOF overloading has adverse effect on the adsorption capacity of the pollutant due to the presence of free Cu-BTC MOF along with the hybrid nanocomposites.
Treatment of MOF@GO hybrid composites with 1000 ppm MB solution shows higher adsorption capacities compared to the 50 and 100 ppm MB adsorption. Samples CuG11, CuG21, and CuG51 show adsorption capacities of 1087, 193, and 545 mg g -1 respectively (See Table   S4 ). An increase in adsorption capacities is expected when using high concentrations of the pollutant, due the fact that there is less competition between solvent molecules to occupy the pores in MOFs.
Results for MB adsorption using CNT-based hybrid nanocomposites are shown in The improvement in the MB adsorption capacity of the hybrid nanocomposites is attributed to the synergetic effect of the parent materials, nanoscale size of the Cu-BTC MOF particles, suppression of dispersive forces, well-separation of the MOFs, inhibition of distortion and bundling in GO and CNT [40, 41] . Besides, high Pvol of the hybrid nanocomposites is also an important factor contributing to their high dye adsorption capacity. In fact, the increased pore volume provides more pores for adsorption of MB molecules. In addition, due to presence of unsaturated bonds and also negative charge of the prepared hybrid composites (coming from carboxylate groups) and positive charge of MB dye, adsorption mechanism between MB and the composite nanomaterials to be hydrophobic and/or π-π as well as charge-charge interactions, which is in agreement with previous literatures [25, 48] .
Overall, we found that due to the excellent features of the synthesized hybrid nanocomposites these materials can be candidates for water and wastewater treatments with many other unexplored environmental remediation applications.
Conclusion
The purpose of the current study was to make highly efficient absorbents for the removal of 
